Using molecular dynamics (MD) simulation, the ultrafast thermomechanical coupling responses of an immense homogeneous, isotropic copper film with the thickness of 1 µm, which is irradiated by various ultra-short laser pulse trains, are investigated. For the same energy injection, the effect of laser pulse trains is studied and it is observed from the numerical results that the pulse train technology may improve the ultrafast thermomechanical responses of the film significantly. By thoroughly analysing temperature, stress and displacement (strain) of the film, the thermomechanical coupling characteristics between stress, displacement (strain) and temperature are presented perfectly at the atomic scale. It is found that the lattice temperature of the region under tensile stress (or compressive stress) is lower (or higher) than the lattice temperature of the surrounding region, and the positive and negative strain (tensile or compressive) is related to tensile and compressive stress very well.
Introduction
In the past two decades, the interaction between femtosecond lasers and metals has received a great deal of research attention due to its unique characteristics in 2015 The Author(s) Published by the Royal Society. All rights reserved. microhole drilling, thin film deposition and microfabrication [1] [2] [3] . A thorough knowledge of the interactions between the short-pulse laser and the target material is essential for controlling the target topography. Thus, related scientific issues and the mechanism of such problems have to be elucidated in order to advance the applications of femtosecond laser technology in materials processing.
With the rapid development of modern laser technology, laser pulses can be precisely controlled with a wide range of parameters. A pulse train consists of a certain number of laser bursts, which is launched at a fixed repetition rate, and each burst may be composed of several consecutive femtosecond to picosecond laser pulses with separation times from tens of femtoseconds to a few picoseconds. Experiments with pulse trains of high repetition rate have been carried out and interesting machining effects have been reported. Herman et al. [4] adopted laser pulse trains technology for machining fused silica samples and found that a surface microcrack occurring with single laser pulse could be eliminated. It was also observed that the heating effects associated with the high repetition rate could improve the ductility of the surrounding glass. Subsequently, Lapczyna et al. [5] used a pulse train to drill holes in aluminium foil and reported clean through-holes. Double pulse machining of silicon was also reported recently, wherein it was shown that ablation was enhanced at a delay of 10 ps between the two pulses [6] . As such, machining with pulse trains instead of a single pulse may possibly share certain advantages by combining the positive aspects of both short-and long-pulse interactions [7] . Jiang & Tsai [8] studied the laser processing of gold thin films using ultrashort pulse trains and the effects of repetition rate and separation time on the responses. The same group also carried out research on the interaction of laser pulse trains with dielectrics [9, 10] . Recently, Huang et al. [11] studied the ultrafast phase change of gold thin film during the irradiation of femtosecond laser pulse trains.
It is known that a femtosecond laser pulse could result in extremely high temperatures and strain rates, resulting in unavailability of material thermophysical properties in such situations [12] [13] [14] . However, the methods used in previous studies are all based on continuum mechanics [4] [5] [6] [7] [8] [9] [10] [11] . To overcome this inherent flaw of research methods based on continuum mechanics, the molecular dynamics (MD) method has been attempted to take account of the effect of temperature and strain rate-dependent material thermophysical properties [15] , because it only requires the atomistic potential which can describe the interaction between atoms at different temperature and strain rate. The MD method has also been successfully employed to investigate laser-induced ablation and spallation in gold films by Gan & Chen [16] [17] [18] and study laser-induced dislocations in nanopore mending of materials by Huang & Lai [19] [20] [21] .
In this work, a copper film with thickness of 1 µm irradiated by various ultrashort laser pulse trains is investigated by using MD simulation to show the effects of pulse number per train and separation time of femtosecond laser trains on the ultrafast thermomechanical responses and characteristics of thermomechanical coupling between temperature, stress and displacement in the film. Section 2 will give details of the process of MD simulation of the interaction between femtosecond laser trains and copper film. Section 3 is the results and discussion, and finally conclusions will be made in §4.
Simulation method and model
With the electron relaxation effect considered, the hyperbolic two-temperature theory (HTTM) under thermal non-equilibrium between electrons and lattice, which can describe the nonequilibrium thermal transport in the metal subjected to femtosecond laser pulse train, may be described as follows [22] :
and
2)
n denotes the number of pulses per train, the difference t = t n − t n−1 is the pulse separation time, R is the reflectivity, J 0 is the peak intensity, J 0 (1 − R) is the absorbed laser fluence, t p is the laser duration and z s is the optical penetration depth. In the present simulations, z s = 15.3 nm is adopted. Following Ivanov & Zhigilei [23] , the approach of MD simulation is described as follows:
where the electron-phonon coupling coefficient in the Newton equation can be given as follows:
Here t is time, m i , r i and v T i are the mass, position and thermal velocity of atom i, F i is the interatomic force acting on atom i, V N is the volume of the cell to which atom i belongs, T k e and Σ i are the average electron temperature at the kth time step of finite difference (FD) and the number of atoms in volume V N , respectively. Here, worthy of note is that no hot electron blast force is included in the Newton equations, due to the fact that the hot electron blast force has no influence on the thermomechanical coupling response [16] .
Firstly, the electron temperature in each discretization grid is obtained by solving equations (2.1) and (2.2) with the finite difference method (FDM), where the FD discretization grid is related to each cell volume of the MD system. Subsequently, the coefficient ξ of equation (2.5) for each cell is calculated using the electron temperature, with an additional force term added to the MD equations of motion to account for electron-phonon coupling. Secondly, the lattice temperature of each cell volume of the MD system can be obtained by using the equation [24] , and the stress of each cell volume of the MD system can be achieved by using the following equation [25] : calculation of temperature and stress of each cell. To satisfy the von Neumann stability criterion, the FD time step selected is always smaller than that used in the integration of the MD system, and thus the time step selected for the MD simulation is 1.0 fs, and 0.0025 fs for the FDM. The MD method has been proved to be a powerful tool for simulating ultrafast thermomechanical responses and phase changes of materials under ultrafast laser heating [15, 16, 21] . To clearly express the process of MD simulation, a detailed flowchart of the whole MD method is shown in figure 1 .
In view of the fact that ultrafast deformation takes place in a very short time, within the heated spot the thermal transport may be treated as a one-dimensional (1D) process [13] . A copper (fcc crystal) film 1 µm thick is used in all the MD simulations. The MD model is composed of 1 106 600 atoms with x-, y-and z-axes along the [1 0 0], [0 1 0] and [0 0 1] crystal direction and sizes of 3.615 × 3.615 × 1000 nm 3 in the (x, y, z) directions. Periodic boundary conditions are assigned to the x-and y-directions while free boundary conditions are prescribed along the z-direction. Before the laser heating source is applied, the MD systems are equilibrated to 298 K and are traction free by relaxing the system for 100 000 steps using a Nose-Hoover style barostat (NPT) [26] . Then the system is further regarded as microcanonical ensemble (NVE) and equilibrated for 50 000 steps. The embedded atom method (EAM) potential [27] is employed in the MD simulations. The total energy E i of an atom i is given by
, where F α is the embedding energy which is a function of the atomic electron density ρ β , φ αβ is a pair potential interaction, and α and β are the element types of atoms i and j. The material parameters of copper in table 1 are used in the MD simulations.
To ensure the validity of the numerical analysis, the femtosecond laser trains applied in this present work are low power and the rupture or melting of copper film do not occur.
To investigate the effect of pulse number per train and separation time between pulses on the thermomechanical responses of the copper film, the equivalent total energies of laser injection for all the numerical simulations are given, for example the laser fluence is 1000 J m −2 for one pulse per train while the laser fluence of every pulse is 100 J m −2 for 10 pulses per train. Unless otherwise noted, the pulse separation time is taken as 1.0 ps; as a result, it is larger than the duration of every pulse in a laser train.
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Results and discussion
(a) The effect of pulse number per train It is concluded that the highest value of the electron temperature decreases and the time of the electrons reaching the maximum increases with the pulse number in a laser train increasing, which is rational due to the fact that more laser energy is dispersed when the total duration of the laser pulse trains increases. In fact, the total duration of five laser pulse trains is given as (i) 0.4 ps, (ii) 2.4 ps, (iii) 3.4 ps, (iv) 5.4 ps and (v) 10.4 ps, respectively. Clearly, laser pulse train technology decreases the electron temperatures at the top surface and prolongs the time of electron temperature rising. Figure 3 presents the lattice temperatures at the top surface at the same conditions. Apparently, its distribution is different from that of electron temperature. At the same total energy and the same pulse separation time, the duration time of laser pulse train irradiation is enhanced with the number of pulses per train increasing. And as the duration time of a laser pulse train increases, the process of lattice temperature rising is accordingly longer. But the maximum value of lattice temperature at the top surface does not increase with the pulse number increasing linearly. The lattice temperature under five pulses per train is the highest, which demonstrates that the optimum value of the pulse number in a pulse train exists, in which the surface of materials may obtain a higher temperature to realize the laser pulse train micro processing more efficiently. The spatial distributions of the lattice temperature at several instants are given in figure 4 . From figure 4a, the lattice temperature near the top surface in a single pulse laser is smaller than those in 10 pulses per train at the time point t = 25 ps. One possible reason is that with the number of pulses per train increasing, the thermolization time between the electrons and phonons becomes longer and then the lattice temperature rises. These results further show the fact that pulse train technology can improve the utilization of the laser pulse energy. But for longer times, e.g. 100 ps or 200 ps, the lattice temperature under different pulse numbers displays no significant difference as shown in figure 4b,c. This is due to the fact that the thermal equilibrium in the film is obtained at approximately 40 ps, and if thermal equilibrium is approached, the difference may be slight.
In addition, there is a very interesting phenomenon: the convex point exists in the spatial distributions of lattice temperature, and its position in the film varies with the passage of time. The discussion is left to §3.3. Figure 5 shows the spatial distribution of normal stress at several instants, namely t = 25, 100 and 200 ps. It is clearly seen that the normal stress distribution under 10 pulses per train is different from those under a single pulse laser. The normal stress under 10 pulses per train is much higher than those under a single pulse laser except for the instant t = 25 at which the entire gold film has not reached a state of thermal equilibrium.
At t = 100 and 200 ps, the maximum tensile normal stress of the copper film under 10 pulses per train increases up to 120% of that under a single pulse per train. However, the maximum of compressed normal stress under 10 pulses per train decreases by 10% compared with that under a single pulse laser. At the same total energy injection per train, the pulse train technology can produce higher normal stress, namely it is more likely to cause damage, which is a very significant phenomenon, demonstrating the 'cooled cutting' of the materials in the micromachining by pulse train technology (here the cooled cutting means that the materials are cut by normal stress not thermal melting).
Owing to the fact that the laser fluences are very low in this work (without melting and ablation), heat-induced normal stress is tensile normal stress because temperature rising makes the materials expand. But it is interesting to note that the compressive normal stress appears as in figure 5 and it moves at a constant speed, which will be analysed in detail later. For the condition of high laser fluence, Zhigilei & Garrison [30] have studied the microscopic mechanisms of the stress generation in solids under laser irradiation. Figure 6 plots the spatial distribution of the displacement at several instants, namely t = 50, 100, 150 and 200 ps. The maximum of displacement under 10 pulses per train is larger than that under a single pulse laser. In other words, with increase of pulse number, the peak of displacement in the film increases and then makes rupture of the film more likely. This (b) The effect of separation time of laser pulse train Figure 7 shows electron temperature under a single train at 1000 J m −2 consisting of five pulses with the pulse separation time as 0.5 ps, 1 ps and 5 ps, respectively. The maximum electron temperatures at the top surface of the film are 7660 K, 6400 K and 4450 K. The maximum electron temperatures at the top surface decrease gradually with increasing pulse separation time. This is due to the fact that the laser energy is dispersed. The larger pulse separation time may decrease electron temperatures at the top surface and prolong the time of electron temperature rising. Figure 8 shows the lattice temperature at the top surface of the film under a single train consisting of five pulses; the pulse separation times are selected as 1.0 ps, 3.0 ps, 5 ps and 10 ps. For the pulse separation time of 1.0 ps, the lattice temperature at the top surface increases to a peak first, and then decreases. For a pulse separation time of 10 ps, it approaches the maximum value gradually. With the increase of the pulse separation time, the peak of the lattice temperature in the film decreases and pulse discontinuity clearly occurs. When the pulse separation time is long enough, e.g. 10 ps, the materials have sufficient time to absorb energy of every pulse in the laser pulse train and signs of discontinuity in the laser pulse train appear. In other words, the energy of each pulse of the 100-fs laser train studied would be completely absorbed as long as the pulse separation time is longer than the actual laser irradiation time of about 0.4 ps. This demonstrates that the optimum value of the pulse separation time in a pulse train really exists, and in such case the materials can absorb energy of every pulse to ensure the laser pulse train is used more efficiently.
The spatial distributions of the lattice temperature, normal stress and displacement at several instants are shown in figures 9-11, respectively. It can be seen that there are no significant differences between the lattice temperatures with different pulse separation times, which implies the pulse separation time has no influence on the lattice temperature due to the fact that the total laser energy is low and melting and rupture in the copper film does not occur. But the normal stresses with the pulse separation time of 10 ps are much lower than that with shorter pulse separation time. As the pulse separation time increases, the normal stress decreases evidently. Similarly, the displacement deceases with increasing pulse separation time. For longer pulse separation times, the laser energy is dispersed and it induces smaller normal stress and displacement distribution. Increasing the pulse separation time significantly decreases compressive normal stresses and tensile normal stresses in the film and thus may avoid rupture and other damage.
From the above results, it is observed that laser pulse train technology could result in significant variations in the thermomechanical responses of the film, especially normal stresses and displacements. It is seen that normal stresses and displacements are strongly dependent on both pulse number and pulse separation time in a laser pulse train. Thus, this implies the existence of optimum values of pulse separation time and pulse number in a pulse train at which metal damage can be maximized by adjusting the pulse separation time and the pulse number in a pulse train under the same laser energy injection.
(c) Analysis of thermomechanical coupling characteristics between normal stress, displacement and temperature
To investigate the thermomechanical coupling characteristics between normal stress, displacement and temperature, the distributions of normal stress and the contrasts of normal stress, displacement and temperature are presented in figures 12-14.
As we all know, when the surface of the film is irradiated by ultrashort laser pulse, the surface of the film is expanded rapidly due to temperature rising. The outside expansion of the film at various instants as shown in figure 12 , the speed of propagation of normal stress in copper film is estimated at approximately 4300 m s −1 , which is close to the speed of sound (3810 m s −1 ) in the thin copper rod at room temperature.
From figure 4 and figure 9 , there always exists a convex point in the spatial distributions of lattice temperature. Figure 13 presents the contrast of distributions of normal stress and lattice temperature at various instants. It is interesting to note that the location of the convex point in the lattice temperature and the location of the peak of compressive normal stress distribution coincide with each other very well, which implies the convex point in the distribution of lattice temperature is caused by compressive normal stress and is the result of thermomechanical coupling. The estimated speed of the convex point is 4300 m s −1 according to the location of convex points 1-4 in the distribution of lattice temperature, and excellent agreement between it and sound speeds is obtained, which further indicates that the convex point 1-4 are caused by the thermomechanical coupling. Thermomechanical coupling can be simply summarized: compression can result in rising temperature while tension in the material can result in decreasing temperature. In figure 13 , the lattice temperature of the compressed region is larger than the lattice temperature of the surrounding region, and the lattice temperature of the region in which there is tensile normal stress is smaller than the lattice temperature of the surrounding region [31] .
From figure 14 , the convex distribution of displacement in the film coincides with compressive normal stress. The material is compressed at a region undergoing compressive strains and then compressive normal stresses are induced. Similarly, at the region of tensile strains the material is stretched and then the tensile normal stresses result. It is seen that compressive strains and tensile strains coincide well with compressive normal stresses and tensile normal stresses, such that the normal stress of the region in which the value of strain is positive or negative (tensile strain or compressive) is the tensile normal stress or the compressive normal stress.
Conclusion
In this work, the ultrafast thermomechanical coupling responses of a copper film impacted by different laser pulses trains are considered using the MD method. The numerical results show that pulse train technology can improve the ultrafast thermomechanical responses of the film significantly. Thermomechanical coupling characteristics between normal stress, displacement (strain) and temperature in the copper film are discussed perfectly from the atomic scale. It is concluded from the results that:
(1) For the same energy injection, the pulse number and the pulse separation time in a laser pulse train could result in significant variations in the thermomechanical responses of the film. The lattice temperature varies with the change of pulse number and pulse separation time in a nonlinear relation. With pulse number increasing, the normal stresses and displacements can be enhanced, while normal stresses and displacements can be weakened once the pulse separation time increases. These results show that there exist optimum values of pulse separation time and pulse number in a pulse train at which the metal damage can be maximized at the same laser energy injection. (2) At the atomic level, the lattice temperature of the compressed region is higher than the lattice temperature of the surrounding region, and the lattice temperature of the region in which the tensile normal stress is lower than the lattice temperature of the surrounding region. The compressive strain (negative) and the tensile strain (positive) correspond to the compressive normal stress and the tensile normal stress of the film very well. 
